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1 Introduction

LTE and BT earphone has been identified in [1] as an important coexistence use case. The connection-setup scenarios are an important part of making the use case work. In this contribution, we provide detailed timelines of various BT connection-setup events and show the applicability of autonomous denials for coexistence with LTE. It remains to be seen how a DRX based approach can ensure operation of connection-setup procedure and we conclude that RAN2 should look into the details for that.
2 BT inquiry procedure
Inquiry is used by the BT Master to discover new devices. This is typically user initiated but can also be periodic.  It involves sending a series of ID packets at different frequencies. Two trains of frequencies are used which can be called Train A and Train B. Each train consists of 16 frequencies. Each train is repeated 256 times, which is a duration of 2.56 seconds, after which the other train is sent. The Slave device scans for a duration of 11.25ms at a particular frequency. If it doesn’t receive the ID packet of the inquiry train due to a frequency mismatch, it attempts to scan again after 2.56 seconds at the next frequency.  The train switch and Slave scanning periodicity ensures that Slave scanning succeeds in at most two scans or 5.12s. 
When an inquiry scan succeeds at the Slave, it responds with an FHS packet 625us after receiving the ID packet from the inquiry train. It also sends an EIR packet 1250us after the start of the FHS packet. The EIR packet can be up to 5 slots in duration. After sending the EIR packet, the Slave applies a random backoff to start periodic inquiry scanning again at another time because there could be contention at the Master with other Slaves. For the random backoff, BT chooses a random number between 0 to 1023 and skips that many slots. So, the random backoff is a duration between 0 and 640ms.  Each time the inquiry scan succeeds, the Slave applies a random backoff. Hence, after receiving an FHS packet from Slave, the Master does not know when the Slave will scan again. The timeline for Master inquiry train transmission and Slave reception are shown in Figure 2‑1.
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Figure 2‑1: BT inquiry procedure example timeline when inquiry scan is successful
Coexistence for BT Master 
In this subsection, we discuss the coexistence solution with LTE for BT Master in inquiry mode. We consider LTE in TDD and FDD modes separately below.

LTE in TDD mode

When LTE is in TDD mode, BT Master can align the transmission of the train. This is shown in Figure 2‑2 with TDD Config 1 as an example. 


[image: image2.emf]Receive

(DL)

Transmit

(UL)

LTEframe (5 ms = 8 BTslots)

Receive

(DL)

Transmit

(UL)

Receive

(DL)

Transmit

(UL)

Receive

(DL)

Transmit

(UL)

EIR

FHS


Figure 2‑2: BT Master inquiry with LTE TDD Config 1
Due to the time alignment, one in four slots of inquiry train is aligned at the LTE UL and DL boundary for this configuration. Hence, there is a four times increase in the worst case delay for the inquiry scan to succeed compared to normal inquiry procedure without LTE. When the Slave scan succeeds, the FHS is received in the DL portion. However, even with frame alignment, it can be seen that the EIR packet can overlap with LTE UL. The amount of overlap is even larger when five slot EIR packets or other LTE TDD Configurations are considered.  BT Master can protect the reception of the EIR packet by using autonomous denial of the interfering LTE UL transmission. It is not known to the BT Master when the Slave will scan again due to the random backoff that it applies. Even the frequency of Master may not match the Slave frequency after the random backoff. Hence, if this EIR is not protected, there is no guarantee that it will be received again in the future. A timeline and delay analysis for using DRX as a mechanism to ensure reception of the EIR packet has not been discussed. So, autonomous denial is a simple and effective technique available for this scenario. As shown in [2], the performance impact of autonomous denials is also minimal for rare events such as reception of EIR.
2.1.2 LTE in FDD mode

For LTE FDD in Band 7, there is no coexistence problem with transmission of BT Master inquiry train and LTE DL [3]. However, there is no guarantee that the Slave response packets FHS and EIR can be received. If we rely on opportunistic reception of FHS, then autonomous denials of EIR can be required. If LTE is full duty cycle on UL, then FHS can also not be received. A long-term gap pattern of LTE ON and LTE OFF using DRX can be used to opportunistically receive the FHS packets, but again EIR may overlap with the LTE ON duration for which autonomous denials would be required. With the DRX based gaps, if the inquiry scan succeeds at Slave, the random backoff for subsequent scans can improve the chance that the FHS and EIR fall within the LTE OFF duration but this is probabilistic and not guaranteed.
Coexistence for BT Slave
As mentioned before, the Slave inquiry scanning windows are 11.25ms every 2.56s. The coexistence solution for BT Slave doing inquiry scanning with LTE in TDD and FDD modes are discussed below.
2.2.1    LTE in TDD mode

In a TDD scenario, when the Slave does inquiry scans, it can only successfully receive the inquiry train from Master during LTE DL. However, since the Master inquiry is not necessarily aligned with LTE TDD frame structure in Slave, it is not always possible to send the FHS and EIR without impacting LTE DL. Therefore, it is likely that periodic gaps are needed for BT Slave scan window.  If the scan succeeds in an LTE gap, then the Slave will send FHS and EIR packets and then apply a random backoff to scan again. It would therefore be necessary to reconfigure the gap on LTE to coincide with the next random scan period. If the subsequent random scan opportunity after a successful inquiry scan is not protected, the Master may not reliably receive the FHS and EIR packets due to contention with other Slaves. Also, since the random backoff can be anything between 0 and 640ms, there may not be sufficient time to reconfigure the gap if the random backoff is small (e.g. less than 20ms). Autonomous denial is then a flexible technique to ensure BT Slave scanning succeeds.
2.2.2   LTE in FDD mode

If LTE is in FDD and full duty cycle, the BT Slave scans will never succeed. Hence, some gaps need to be provided in LTE during the scanning opportunities. If the periodic scan opportunities are not protected, the Slave will never receive the inquiry ID packet and will timeout. Also, similar to the TDD case, the gaps need to be reconfigured whenever the scan succeeds and the time needed for reconfiguring gaps can be an issue. Hence, autonomous denials is a flexible method to ensure BT inquiry scanning succeeds.
While autonomous denials is shown to be a feasible solution for BT Slave inquiry scanning and response, similar details with DRX need to be  presented in RAN2. 

3 BT Paging procedure

The paging procedure is used by the BT Master to establish a connection with BT Slave. The paging train transmission by the Master is similar to the inquiry train transmission, except that each train is repeated 128 times, i.e. for a duration of 1.28s. Also, the Slave scans for 11.25ms every 1.28s. Once a page is successfully received at the Slave, it responds with the 1st Slave page response. When the Master receives the 1st Slave page response, it attempts transmission of the Master page response using at most four tries. If the Slave receives the Master page response, it will respond with a 2nd Slave page response. If the Master receives the 2nd Slave page response, then it enters a mode for transmission of a Master packet which has 32 retransmission opportunities. Unlike inquiry, there is no random backoff used by Slave even if a page is successfully received in one of the scans. After the Slave sends the 2nd Slave page response, it attempts to receive the Master packet which has a maximum of 32 retransmissions and once received successfully it responds with Slave packet. After these steps are complete, the Master and Slave enter the LMP message exchange sequence to establish the connection. An example timeline of the paging procedure is shown in Figure 3‑1.
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Figure 3‑1: BT paging procedure example timeline when page scan is successful
Coexistence for BT Master 

In this subsection, we discuss the coexistence solution with LTE in both TDD and FDD mode with BT Master in paging mode. 

LTE in TDD mode

 For LTE TDD Config 1, BT Master can align the page train transmission similar to the inquiry train transmission alignment in Figure 2‑2. If the 1st Slave response is received after the aligned page train transmission slot by the Master, the four opportunities for sending Master page response ensures that the 2nd Slave page response will also occur during LTE DL as shown in Figure 3‑2. The autonomous denials technique can improve the number of reception opportunities of the 2nd Slave response which is especially beneficial when the Master has another eSCO connection on-going and cannot rely on having any particular slot available for Master page response transmission. Of course, the alignment can not ensure Master response will coincide with LTE UL for other TDD configurations which have 10ms periodicity such as TDD Configs 3-6. In those configurations, LTE DL will be affected by Master page response to ensure reception of second Slave response. Alternatively, if the Master receives the 1st Slave page response, it can configure a DRX pattern of LTE ON and LTE OFF such that the next time the Slave scan succeeds, the packet exchange between Master and Slave occur during LTE OFF portion. This requires precise control of the LTE OFF portion based on UE knowledge of BT scan location. Details of such a mechanism have to be discussed further in RAN2.
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Figure 3‑2: BT Master paging with LTE TDD Config 1
LTE in FDD mode

Similar to the case of FDD with BT Master inquiry, there is no guarantee that 1st Slave page response will be received if LTE is full duty cycle on UL. If we rely on opportunistic reception of 1st Slave page response, then autonomous denial of LTE may be required to receive the 2nd Slave page response and the Slave packet subsequently. A long-term DRX pattern may be used to provide opportunistic gaps for receiving the 1st Slave page response, but there is no guarantee that the 2nd Slave page response will fall in the LTE OFF duration. Additionally, BT Master is not aware of Slave scan  timing and it is possible that even with DRX, the Slave scan always falls in LTE ON part of DRX. So, if the 1st Slave page response is received opportunistically in LTE ON, the 2nd Slave page response also becomes opportunistic and will continue to be so in subsequent scans. With autonomous denials, however, the conditional probability of receiving the 2nd Slave page response given that the 1st Slave page response has been received becomes equal to 1. 
Coexistence for BT Slave
Similar to inquiry scan for BT Slave, the periodic opportunities for page scanning should be protected from LTE UL. 
LTE in TDD mode

For  LTE TDD, the Slave cannot use the LTE frame structure since the Master page train may not be aligned. Either LTE DL or UL denials would be needed to send Slave response or protect Master page response. Alternatively, periodic gaps may be provided on LTE with sufficient LTE OFF duration to allow the packet exchange between Slave and Master to succeed if a page is successfully received by the Slave. However, unlike inquiry scanning, there is no need to reconfigure the location of the gaps for subsequent scan opportunities since there is no random backoff.
LTE in FDD mode

For full duty cycle LTE FDD, periodic gaps that coincide with BT Slave scan must be provided as mentioned above for LTE in TDD mode.
Proposal 1: Agree that autonomous denials is a flexible and simple technique for mitigating in-device interference in BT connection-setup scenarios

Proposal 2: It should be discussed in RAN2 how DRX based solution can be applied to all the BT connection-setup scenarios mentioned in this contribution
4 Conclusion

 In this contribution, we presented detailed timelines for various BT connection-setup scenarios, such as inquiry and paging and for both Master and Slave. We showed that autonomous denials is a flexible technique to ensure proper connection-setup operation. We also discussed some techniques for applying DRX based gaps to facilitate connection-setup but also mentioned several limitations. Unless DRX based technique is shown to be applicable to the connection-setup scenarios described above, we propose that autonomous denials be adopted as a solution in the work item.
Proposal 1: Agree that autonomous denials is a flexible and simple technique for mitigating in-device interference in  BT connection-setup scenarios

Proposal 2: It should be discussed in RAN2 how DRX based solution can be applied to all the BT connection-setup scenarios mentioned in this contribution
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